Oceangoing ships contribute to the introduction of invasive, benign and pathogenic bacteria via ballast water discharge. Here we report the bacterial abundance and cell size in ballast and receiving port waters in Vancouver, British Columbia (Canada) ports during 2007 and 2008. Bacterial abundance in port water (7.5×10 8 to 3.4×10 9 cells L -1 ) was significantly (P < 0.001) higher than those in ballast water (2.5×10 8 to 2.1×10 9 cells L -1 ) and was higher in unexchanged than ballast water that was exchanged at-sea. There was no significant difference in bacterial abundances between 2007 and 2008 for each sample type. Bacterial cell volume showed a different pattern, with no significant difference among sample types and a two-fold larger average cell volume during 2007 than 2008. Bacterial abundance and cell volume in ballast water were not correlated with ballast water age, end-of-voyage temperature, salinity or pH. The absence of predictive relationships between measured physiochemical and bacterial variables in ballast water highlights the difficulty of predicting bacterial abundance or cell volume from the physiochemical factors alone. Future studies should focus on the bacterial community structure in ballast and port waters, the fate of bacteria in the new environment, and regional susceptibility to invasion by the introduced bacteria.
Introduction
Oceanic transport accounts for more than 80% of total global shipments of commercial cargo. In addition to "intended" cargo, over 12 billion tonnes of ballast water are moved across vast coastal and oceanic domains annually (Anil et al. 2002) . Ballast water is one of the primary vectors responsible for the global transport of vegetative-and resting-stages of aquatic microorganisms as well as for potentially pathogenic bacteria, such as Vibrio cholerae O1 and O139 (Carlton and Geller 1993; Ruiz et al. 2000) . Successful establishment of nonindigenous organisms can cause unwanted economic (Pimentel et al. 2005) , ecological (Frenot et al. 2005) and human health impacts (Juliano and Lounibos 2005) . To attenuate the risk of ballast water-mediated invasions, the International Maritime Organization established mid-ocean ballast water exchange (MOE) guidelines in 1997 (International Maritime Organization 1997) . MOE is an interim management option until the permanent performance standard comes into effect. The rationale for MOE is that most coastal organisms will be flushed out during exchange (being replaced by oceanic species) and that the different physicochemical characteristics of coastal and oceanic waters will impair the survival of the coastal organisms that are released from ballast water into the open ocean. Conversely, oceanic species released into ports with coastal environmental conditions will unlikely survive, or become established (Smith et al. 1999) . However, this justification may not apply to resistant and euryhaline microorganisms with wide environmental tolerances.
Canada initiated mandatory mid-ocean exchange (MOE) for ocean-going ships entering all its ports as of June 8 th , 2006 (Transport Canada 2006 . However, voyages from nearby US ports traveling to Canada (e.g., north of Cape Blanco on the west coast; north of Cape Cod on the east coast) do not require MOE because, presumably, nearby ports would have similar community compositions. Commercial ships that carry out MOE are divided into two categories: 1) transoceanic, which exchange their ballast water greater than 200 nautical miles from shore where the water depth is at least 2000 m, and 2) intra-coastal, which are required to exchange ballast water at least 50 nautical miles from shore and at water depth of at least 500 m (Transport Canada 2006) . Therefore, ballast water from ships arriving from international destinations can be divided into trans-oceanic exchanged (TOE); intra-coastal exchanged (ICE); without mid-ocean exchange (NonMOE).
To evaluate if different ballast water operations (i.e., TOE, ICE and NonMOE) have predictable and systematic effects on the bacteria in ballast waters, we characterized bacterial abundances and cell volumes in the TOE, ICE, NonMOE ballast water categories, and in receiving port water, and assessed the relationships between bacterial variables and physiochemical factors (i.e., temperature, salinity, pH, and ballast water age). The results of this study contribute to our knowledge of the bacterial community, specifically, abundances and cell volumes in ballast water tanks on large spatial and temporal scales. The study will also illuminate the effects of ballast water management applications in Canada to the bacterial communities in ballast water.
Materials and methods

Ballast water and port water sampling
As part of the Canadian Aquatic Invasive Species Network (CAISN), sampling was conducted from March to November 2007, and May to October 2008 from Vancouver (British Columbia, Canada) ports. Commercial vessels that had ballast tanks with TOE, ICE, NonMOE were sampled, in addition, port water samples were collected 13 times during the sampling seasons. For each ballast tank, samples were collected from four depths in the tank (surface, mid surface, mid bottom, and near bottom) through a deck hatch, using a Niskin bottle. For each ballast tank, equal volumes of water from each of the sampling depths were combined. Associated environmental data (temperature, salinity, and pH) was also recorded from each sampling depth using a handheld YSI Model 85 meter (YSI Incorporated, Yellow Springs, OH, USA). A 500 ml sub-sample of the combined ballast water from the tank was preserved with formaldehyde (final concentration 3.7%) and shipped on ice to the Ocean Sciences Centre (St. John's, NL, Canada) for analyses within five days of collection. A total of 82 ballast and port water samples were collected during the two sampling seasons: 28 ballast and 3 port water samples during 2007 and 41 ballast and 10 port water samples during 2008 (Table 1) .
Slide preparation
Slides for enumerating bacteria were prepared by filtering 10 ml of sample onto a 25 mm diameter, 0.22 μm black polycarbonate filter (GE Osmonics, Inc., Minnetonka, MN, USA). Filters were stained with Acridine Orange (AO; final concentration 1.872×10
-5 g L -1 ), and mounted on a glass slide in Cargille Type A immersion oil (Hobbie et al. 1977; Kirchman et al. 1982) . Slides were stored at -20°C until analysis. Epifluorescence direct counts were made using an Olympus BH2-RFCA equipped with a wide band blue filter (120× oil immersion lens; total magnification 1250×). For each filter, bacteria were counted in 10 to 20 fields of view with at least 600 cells per filter counted.
Image analysis
Cell dimensions were determined with ImagePro Plus V6.2 Image Analysis System which was configured to capture and store images, and sizesize distributions. The images were individually examined, and the cell dimensions were recorded for at least 1000 cells per filter. Detrital particles or specific cells (i.e., clumped or aggregated) were removed from the analysis either through the direct removal from the working image, or by constraints assigned to acceptable cell dimension parameters. Cells with an aspect ratio <1.5 were calculated as sphere whereas cells with an aspect ratio >1.5 were calculated, respectively using the formula for cylinders. Cell volumes were calculated using shape-appropriate formulas.
Data analyses
Analyses of Variance (ANOVA) were carried out to assess the significance of the relationship observed for bacterial parameters (bacterial abundances and cell volumes) among sample categories (ICE, TOE, NonMOE and port water samples), and between sampling years (2007 and 2008) . If a statistically significant result was found in an omnibus F-test for a one-way ANOVA, a post-hoc analysis using the Tukey test was conducted (Seber and Lee 2003) . Multiple regression analyses were run to determine the relationships between bacterial abundances and environmental variables (i.e., temperature, pH, salinity, ballast water age), and relationships between cell volumes and these environmental variables. All statistical analyses were conducted using Minitab Release 14.0 and SPSS V.16.0. The judgement criterion for statistics in this study is α=0.05.
Results and discussion
Ballast water management
Ballast water age was computed as the number of days between the date of MOE exchange (for ICE and TOE) or take-up in the port (for NonMOE) and the date when the ballast water was collected in a Canadian port. Preliminary experiments (data not shown) showed that the bacterial abundance did not change within five days for formaldehyde-preserved (final concentration 3.7%) samples (Sun 2009 ). Therefore, the time between sample collection and analysis (up to five days) was not considered in our analyses. The NonMOE treatment (mean ±SD = 8.4±19.1, median = 4) had the longest ballast water age range from 1 to 93 days, compared to ICE from 1 to 27 days (mean ±SD = 7.9±5.7, median =7) and TOE from 3 to 21 days (mean ±SD = 11.8±4.4, median = 11).
Bacterial abundance
Propagule pressure (i.e., the number of nonnative individuals introduced into a given environment) shows a positive correlation with species establishment success (Lockwood et al. 2005 ) and the abundance of microorganisms in ballast waters is considered a proxy for propagule pressure (Drake and Lodge 2007) . There have been very few studies on the heterotrophic bacteria in ballast water, and the results of representative studies are summarized in Table 2 . Bacterial abundances in ballast water can be high and variable (e.g. 10 7 to 10 10 cell L -1 ; Drake et al. 2002; Joachimsthal et al. 2004) , which are similar to the naturally occurring bacterial abundances in aquatic environments (10 7 to 10 10 cell L -1 ; Whitman et al. 1998) . In this study, bacterial abundances ranged from 7.5×10 These ballast water samples were collected at the end of the voyage. This means that the selection pressure exerted by the ballast water environment in-transit, and the coastal vs. oceanic source for bacterial populations (i.e. lower abundances in oceanic than coastal environment; Carlson and Ducklow 1992; Culley and Welschmeyer 2002) could account for, or contribute to the observed patterns in abundance. Lower bacterial abundance in ballast than receiving port water was also reported in Singapore (Joachimsthal et al. 2003; Joachimsthal et al. 2004) , and in Chesapeake Bay (Drake et al. 2001) . The bacterial abundances among ballast water categories (TOE, ICE and NonMOE) during 2007 and 2008 are reported in Table 1 . A two-way ANOVA results showed that there were no significant interaction between year and ballast water categories (F 2,63 = 1.54, P = 0.222) nor significant year-to-year differences in bacterial abundances for any of the ballast water categories (F 1,63 = 0.09, P = 0.768), but there was a significant difference in bacterial abundance among the ballast water categories of TOE, ICE and NonMOE (F 2,63 = 7.97, P = 0.001, Table 1 ). Posthoc comparisons using the Tukey test indicated that bacterial abundance was signifi-cantly higher in NonMOE than TOE samples, but there was no significant difference between NonMOE and ICE, or between TOE and ICE samples. 1 Trans-oceanic exchanged ballast water (TOE), intra-coastal exchanged ballast water (ICE), and without mid-ocean exchange ballast water (Non-MOE); "a", "b", and "ab": Significant differences among mean values of ballast water types each year are i ndicated by superscript codes: mean with superscript "a" has significantly larger value than that with superscipt "b"; mean with superscript "ab" indicates there is no significant difference between "a" and "ab", or between "b" and "ab" superscript codes; means with same superscript are not significantly different; "LL" and "UL" are lower limit and upper limit of 95% Confidence Intervals (95% CI). 
Cell volume
Cell size and biovolume are used to estimate the contribution of microbes to total biomass and biogeochemical cycling. It is also useful as a proxy for the availability of nutrients in the environment (i.e., nutrient-replete bacteria are typically larger than nutrient-limited cells; Ducklow and Carlson 1992) . Moreover, the size distribution of bacterial communities is also impacted by microzooplankton grazing (Hahn and Höfle 2001) . In this study, the average bacterial cell volume in all ballast waters did not differ from those of receiving port water during either 2007 Table 1 ). There were also differences among ballast water types (Table 1) . During 2007, bacterial cell volume was significantly larger in ICE than TOE ballast water (F 1,20 = 8.36, P = 0.009), but not between TOE and NonMOE, or between ICE and NonMOE sample categories. During 2008, bacterial cell volumes were significantly larger in TOE than NonMOE ballast water samples (F 1,25 = 8.48, P = 0.007), but there was no significant difference between the TOE and ICE or between the ICE and NonMOE categories. Since the cell volume measurements were made by the same analyst and the operations were semi-automated, the observed differences were not likely due to observer bias or analytical variability. In this study, the smaller average cell volume of the 2008 samples suggests that bacterial communities in the ballast tanks could have experienced adverse conditions (i.e. nutrient stress) or intensive grazing pressure in transit. In contrast, the larger cell-size of the bacteria during 2007 samples suggests conditions that supported higher cell activity due to replete nutrient supply and less grazing pressure.
Physiochemical factors, ballast water age and bacterial variables
Physiochemical factors (i.e., pH, salinity, and temperature; data not shown) were uniform with depth within the ballast tank; therefore, we present a ballast tank average value for each parameter. The ballast water pH ranged from 6.0 to 8.0. Salinity showed distinct characteristics for oceanic (TOE and ICE) and coastal (port and NonMOE) samples. Ballast water of oceanic origin had higher and narrower range of salinities compared with coastal sources samples ( Table 3) . Temperature of port, TOE, ICE, NonMOE samples all followed the same monthly patterns during the two sampling seasons (April to November in 2007; May to October in 2008) . The average temperature started to increase from 10.4 °C in April and reached a plateau between June and August with average 17.6°C before decreasing. The relationships among biological variables (bacterial abundance and cell volume), physiochemical factors and ballast water age were assessed by multiple regression analyses. Predictor variables (i.e., ballast water age, salinity, pH and temperature) were continuous, except for the salinity of NonMOE samples (NonMOE salanity showed a two-peak frequency distribution and was categorized into brackish (<20 psu) and saline (≥20 psu)). If there was significant difference between years, the bacterial abundance of samples from both years was analyzed together whereas cell volume was analyzed separately for 2007 and 2008. There were no significant relationships between biological variables and salinity, pH, temperature and ballast water age, except that cell volume was significantly larger in saline than brackish NonMOE samples for both years (2007: F 1,4 = 18.30, P = 0.013; 2008: F 1,14 = 12.52, P = 0.003).
In both this and previous studies, the end-ofvoyage bacterial abundance did not show a significant relationship with ballast water age (Burkholder et al. 2007; Drake et al. 2001) . However, during a 19-day voyage bacterial abundance decreased with increasing ballast water age for both exchanged and unexchanged ballast water (Drake et al. 2002) . Inverse relationships between ballast water age and species richness and biomass have been reported for fish (Wonham et al. 2000) , zooplankton (Gollasch et al. 2000) , and phytoplankton (Burkholder et al. 2007 ). The end-of-voyage bacterial communities are influenced by ballast water sources, the ballast water operations, and a suite of abiotic and biotic factors in ballast water tanks. The lack of relationship between measured biological parameters and physiochemical variables precludes predicting the end-of-voyage bacterial abundance (or cell volume) from simple abiotic predictor variables. In-transit studies are required to assess response patterns and quantify the factors controlling bacterial community dynamics in ballast water. In a recent study, bacterial dynamics and related environmental parameters in ballast water were characterized during a 24-day trans-Pacific voyage (Seiden et al. 2010) . That study reported that for tanks that were unexchanged as well as exchanged in midocean, bacterial abundance increased during the 7 to 10 days of voyage and this followed by a decline to near initial abundances. In addition, that study also reported a positive relationship between bacterial abundance and temperatures, and an inverse relationship between abundance and dissolved oxygen concentrations during voyage.
Conclusions
Although lower bacterial abundance in ballast than in port was observed in this study, there is insufficient information to assess the impact on biodiversity or ecosystem function or services. By extrapolating the measured average bacterial abundance in ballast water and the volume of ballast water introduced annually to Canada (Lo 2009 ), we can calculate that 3.1×10 19 prokaryotic cells are transported into Canadian ports annually. Moreover, ballast water that is not exchanged in offshore areas can introduce more potentially invasive bacteria, proportionally greater propagule pressure, than ballast water that was exchanged in oceanic regions at least 200 nautical miles offshore. The lack of relationships between measured physiochemical and bacterial variables in all three ballast water types suggests that there is a complex control mechanism making it difficult to predict the bacterial abundance or cell volume from the physiochemical factors alone.
Before a species can successfully invade a new environment and become established, it must first overcome biogeographic, physiological and biotic barriers. (MacIsaac et al. 2007 ). Our study described how bacteria may survive the biogeographical barrier by "hitching a ride" in ballast water. Further studies concerning the adaptation of introduced bacterial communities to new environmental conditions in receiving waters, as well as the interactions between the introduced bacterial community and native community are needed to understand how bacteria are capable of surviving these barriers. This analysis, in turn, may allow the development of predictive and intention tools.
